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ety	 of	 responses	 to	 CO2	 enrichment	 and	 the	 underlying	 mechanisms	 are	 largely	
unknown.	 This	 physiological	 study	 compared	 the	 responses	 of	 a	 CCM	 species	









ment	 cannot	 be	 inferred	 solely	 from	 their	 carbon	 uptake	 strategy,	 and	 targeted	
physiological	experiments	on	a	wider	range	of	species	are	needed	to	better	predict	
responses	of	macroalgae	to	future	oceanic	change.
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for	 carbon	 fixation	 in	 photosynthetic	 organisms	 via	 the	 enzyme	
Rubisco	 increases.	 In	 coastal	 marine	 systems,	 macroalgae	 fulfill	
the	same	functional	role	as	terrestrial	plants;	they	are	foundation	





Wernberg,	 &	 Thomsen,	 2008).	 By	 the	 end	 of	 the	 century,	 CO2 
concentrations	 in	seawater	will	 increase	by	200%	under	the	RCP	







of	 0.3	 units	 (RCP6.0	 scenario;	 Hurd,	 Hepburn,	 Currie,	 Raven,	 &	
Hunter,	2009;	 IPCC,	2013;	The	Royal	Society,	2005).	 In	addition	
to	 taking	 up	 CO2	 via	 diffusion,	 ~65%	 of	 macroalgae	 can	 utilize	




Species	 that	 solely	 rely	 on	 the	 diffusive	 uptake	 of	 CO2,	 termed	
non‐CCM	species	 (mostly	Phylum	Rhodophyta),	were	thought	to	
be	rare	(Kübler	&	Dudgeon,	2015;	Raven,	Ball,	Beardall,	Giordano,	
&	 Maberly,	 2005).	 However,	 Cornwall,	 Revill,	 and	 Hurd	 (2015)	
discovered	 that	 up	 to	 90%	 of	 some	 populations	were	 non‐CCM	
species	 in	subtidal	 reef	habitats	 in	Tasmania,	 southern	Australia,	







macroalgae	 to	CO2	 enrichment	will	 depend	on	 their	mechanism(s)	












unresponsive	 to	 future	 CO2	 concentrations	 have	 either	 a	 high	 af‐




the	 future	 200%	 increase	 in	 dissolved	CO2 (Cornwall	 et	 al.,	 2015;	
Hepburn	et	al.,	2011;	Kübler	&	Dudgeon,	2015).
Carbon	uptake	 strategies	 in	macroalgae	 can	be	determined	by	




and	 thus	has	 a	 lower	δ13C	 value.	Macroalgae	 that	 possess	 a	CCM	
typically	 have	 δ13C	 values	 ranging	 between	 −30‰	 and	 −10‰,	
whereas	a	lack	of	a	CCM	is	indicated	by	δ13C	<−30‰.	A	change	in	
the	δ13C	value	of	the	macroalgal	tissue	indicates	a	change	in	carbon	





















uptake	 strategies	 (Diaz‐Pulido	 et	 al.,	 2016),	 determining	 the	 phys‐








eral	 carbon	 uptake	 strategies	 of	macroalgae,	 detailed	 knowledge	
of	 photosynthetic	 and	 growth	 responses	 to	 CO2	 enrichment	 is	
unknown	 for	 most	 species	 and	 mainly	 focused	 on	 CCM	 species	
(Britton,	 Cornwall,	 Revill,	 Hurd,	 &	 Johnson,	 2016;	 Fernández,	
Roleda,	&	Hurd,	2015;	Israel	&	Hophy,	2002)	and	calcareous	spe‐
cies	 (Hall‐Spencer	 et	 al.,	 2008;	 Jokiel	 et	 al.,	 2008).	 The	 effect	 of	
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CO2	enrichment	on	non‐CCM	species	has	been	tested	only	twice,	
for	 Lomentaria articulata (Kübler,	 Johnston,	 &	 Raven,	 1999)	 and	
Amansia rhodantha	 (Ho	&	Carpenter,	2017),	with	results	being	 in‐
consistent	 between	 studies:	 Lomentaria articulata exhibited	 an	
increase	 in	 growth,	while	 no	 response	was	detected	 for	Amansia 
rhodantha.	Likewise,	for	CCM	species,	both	increased	growth	(Kim	
et	al.,	2016),	no	response	(Fernández	et	al.,	2015;	Ho	&	Carpenter,	






growth,	 physiological,	 and	 biochemical	 responses	 of	 two	 temper‐
ate	 red	macroalgae:	 a	 CCM	 species,	 Lomentaria australis	 (Kützing)	






















will	 be	 used	 for	 the	 accumulation	 of	 storage	 compounds	 such	 as	
lipids	in	L. australis (CCM	species),	resulting	in	composition	changes	
in	 lipid	 classes	 and	 fatty	 acids,	whereas	C. ramentaceus	 (non‐CCM	
species)	will	primarily	invest	in	growth	rather	than	storage	of	lipids.
2  | MATERIAL S AND METHODS
















at	 6	m	using	 integrating	PAR	 sensors	 (Odyssey,	Dataflow	Systems	













For	 both	 species,	 there	 were	 two	 experimental	 CO2	 treatments:	
“current”	 (pHT	=	8.00,	 pCO2	=	365.17)	 and	 “future”	 (pHT	=	7.70,	
pCO2	=	1,015.24)	at	12.5°C	(detailed	in	the	Supporting	information	
Table	 S3).	 This	 corresponds	 to	 the	 local	 ambient	 pH/CO2	 and	 the	
expected	future	seawater	conditions,	with	n	=	6	replicates	for	each	
species	and	CO2	treatment.	The	future	pH	was	based	on	the	RCP6.0,	
which	 is	a	 “business	as	usual”	modeling	projection	 (IPCC,	2013).	A	
magnetic	 stirrer	 in	each	container	 (set	at	650	rpm)	mixed	 the	 sea‐
water	to	minimize	the	diffusion	boundary	layer	around	the	blades	of	
the	macroalgae.
Target	 CO2	 levels	 were	 achieved	 in	 each	 of	 the	 24	 culture	
containers	 using	 a	 system	 similar	 to	 that	 described	 in	 Bockmon,	
Frieder,	 Navarro,	 White‐Kershek,	 and	 Dickson	 (2013)	 with	 the	
modifications	presented	in	Reidenbach	et	al.	(2017).	Briefly,	every	











of	 approximately	 400:1–1,000:1	were	 needed	 to	 achieved	 target	
CO2	levels	in	the	seawater.	These	ratios	were	achieved	using	mass	
flow	controllers	 (FMA5418A	 for	air,	FMA5402A	 for	CO2;	Omega	
Engineering,	USA),	whose	flow	rates	were	controlled	by	an	analog	
output	module	housed	in	a	USB	chassis	(NI9264	and	cDAQ‐9174,	




Seawater	 pHT	 was	 measured	 using	 a	 modified	 version	 of	 the	
spectrophotometric	pHT	system	developed	by	McGraw	et	al.	(2010).	









was	 recorded	with	 a	PT100	 temperature	 sensor	 and	 a	 high‐preci‐
sion	data	logger	(PT‐104,	PICO	Technology,	UK).	All	instrument	con‐
trol,	 spectra	manipulations,	 and	pHT	 calculations	were	done	using	
LabVIEW	2014	(National	Instruments,	USA).
pHT	was	calculated	from	the	temperature,	salinity,	and	the	ab‐
sorbance	 spectra,	which	was	 calculated	 from	 the	 individual	 refer‐
ence	 and	 sample	 spectra.	 To	 improve	measurement	 precision,	 the	
absorbance	 at	 434,	 578,	 and	 750	nm	 was	 determined	 using	 the	
quadratic	fits	of	the	absorbance	spectra	between	429–439	nm	and	
573–583	nm	 and	 a	 background	 signal	 averaged	 between	 750	 and	
760	nm	(McGraw	et	al.,	2010).	Each	recorded	measurement	of	pHT 
was	the	average	of	four	replicate	measurements,	which	took	~2	min	
to	 obtain.	 The	 pH	 system	was	 standardized	 using	 certified	 refer‐








Growth	 rate	was	 determined	 from	 changes	 in	 both	 thallus	 length	
and	wet	weight.	Linear	extension	 (distance	 from	the	apices	 to	 the	
main	axis)	was	calculated	from	photographs	of	each	individual	placed	
on	a	grid	on	day	1	and	day	7	using	the	software	ImageJ	(Schneider,	
Rasband,	 &	 Eliceiri,	 2012).	 Relative	 growth	 rate	 (RGR)	 on	 a	 wet	








tank	 under	 experimental	 conditions	 using	 an	 Orion	 RDO	 Probe	
087010MD.	 Initial	O2	measurements	were	conducted	 immediately	









modulation	 (PAM)	 chlorophyll	 fluorescence	 meter	 (Diving	 PAM,	













fine	 powder	with	 a	mortar	 and	 pestle.	 The	 extraction	was	 carried	
out	 at	 4°C	 using	 a	 0.1	M	 phosphate	 buffer	 (pH	=	7.2)	 according	 to	
the	methods	of	Schmidt	et	al.	(2010)	and	Sampath‐Wiley	and	Neefus	
(2007).	All	extractions	were	conducted	in	the	dark.
Tissue	 samples	 from	 the	 apices	 were	 taken	 during	 the	 pre‐
treatment	and	at	 the	end	of	 the	experiment	on	day	7	 from	each	
individual	sample	to	determine	δ13C,	C:N	ratios,	and	lipid	class	and	
fatty	 acid	 content	 and	 composition.	 The	 samples	were	 rinsed	 in	
Type	 I	 ultrapure	water,	 frozen	 at	 −80°C,	 freeze‐dried	 (Labconco	
FreeZone	4.5),	and	ground	with	a	mortar	and	pestle.	δ13C,	C	and	




Values	 were	 normalized	 to	 the	 VPDB	 scale	 (Vienna	 Pee	 Dee	
Belemnite)	via	a	3‐point	calibration	using	certified	reference	ma‐













The	 lipid‐containing	vials	were	weighed	 for	determination	of	 total	
lipids.	Samples	were	redissolved	in	DCM	and	stored	at	−20°C	until	
further	analysis.




position	 including	hydrocarbons	 (HC),	 steryl	 and	wax	esters	 (WE),	
triacylglycerols	 (TAG),	sterols	 (ST),	free	fatty	acids	(FFA),	and	polar	
lipids	which	includes	glycolipids	and	phospholipids	(PL).	The	mobile	



























(15	m	×	0.1	mm	 internal	 diameter,	 0.1	µm	 film	 thickness).	 Agilent	
ChemStation	software	was	used	for	quantification	of	FAME	peaks.	










and	 pH	 electrode	Orion	 8107BNUMD	Ross	Ultra	 pH/ATC	Triode,	
calibrated	with	 a	 Tris	 buffer.	 Seawater	 samples	were	 immediately	
poisoned	with	HgCl2 and	stored	under	constant	darkness.	DIC	con‐
centrations	 of	 the	water	 samples	were	measured	 using	 a	DIC	 an‐
alyzer	 (Apollo	SciTech	DIC	Analyzer	Model	AS‐C3)	with	an	 inbuilt	
CO2	 analyzer	 (LI‐COR	 LI‐7000	CO2/H2O	Analyzer).	 The	 CO2	 ana‐
lyzer	was	calibrated	with	a	certified	reference	material	provided	by	
Andrew	 Dickson,	 Scripps	 Institute	 for	 Oceanography,	 San	 Diego,	








tein	 content,	 net	photosynthesis,	 lipid	 content,	 fatty	 acid	 content,	
change	in	δ13C,	change	in	C:N	ratios,	and	change	in	carbon	and	nitro‐
gen	tissue	content)	between	species	and	CO2	treatments.	A	second	
MANOVA	was	performed	on	 the	change	 in	 carbonate	parameters	
([H+],	 [HCO3
−],	 [CO3
2−],	 [CO2],	 and	 total	DIC).	The	data	passed	 the	
tests	 for	 MANOVA	 assumptions	 (normality	 and	 homogeneity	 of	













v.2.3‐5	 (Oksanen	et	 al.,	2016).	 In	 the	CA	plot,	objects	 (specimens)	
that	are	close	to	one	another	are	 likely	to	have	a	similar	fatty	acid	
composition.	Specimens	 found	near	 the	point	 representing	a	 fatty	
acid	 are	 likely	 to	 contain	 a	 higher	 relative	 level	 of	 that	 fatty	 acid.	
For	this	analysis,	only	fatty	acids	that	were	on	average	>0.5%	of	the	




To	 further	determine	whether	or	not	patterns	 in	 the	 responses	of	








richment	 (in	 addition,	 photosynthetic	 response	 and	δ13C	 response	
were	noted	 if	 those	were	 reported);	 (b)	 the	 study	needed	 to	be	 a	
manipulative	experiment	comparing	one	or	several	macroalgal	spe‐
cies	 in	 different	pCO2 treatments	 (thus,	we	 excluded	 field	 studies	
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CO2	 treatment	 (pH	=	7.70)	 was	 twofold	 greater	 (a	 Hedge’s	 g	 ef‐
fect	size	of	1.5)	 than	 the	current	conditions	 treatment	 (pH	=	8.04)	
(Table	1,	Figure	1),	whereas	for	C. ramentaceus	 (the	non‐CCM	spe‐
cies),	there	was	no	significant	effect	of	CO2	enrichment	on	growth	





basis	 showed	 a	 similar	 CO2	 treatment	 effect	 (p	=	0.095,	 Table	 1;	
Supporting	information	Figure	S2).
3.2 | Net photosynthesis, pigments, and FV/FM
Net	photosynthetic	rates	were	similar	for	L. australis	and	C. ramenta-
ceus,	 ranging	 from	 0.3	 to	 0.4	µmol	hr−1 g−1,	 and	were	 unaffected	 by	
the	CO2	 treatment	 (Table	1,	Figure	2).	C. ramentaceus	 (the	non‐CCM	
species)	had	a	higher	pigment	content	of	both	chlorophyll	a	and	phy‐
cobiliproteins	compared	to	L. australis	(the	CCM	species),	but	pigment	





3.3 | Stable isotopes and C:N ratios
L. australis	 (the	CCM	species)	under	the	future	treatment	had	a	ca.	
twofold	greater	decrease	(a	Hedge’s	effect	size	of	1.2)	in	δ13C,	com‐
pared	 to	 the	 individuals	of	 the	 same	species	 in	 current	 conditions	
(Figure	3,	p	<	0.05,	Tukey’s	honestly	significant	difference	test).	CO2 
treatment	did	not	affect	 the	degree	of	δ13C	change	of	C. ramenta-
ceus	 (the	 non‐CCM	 species)	 (p	>	0.05,	 Tukey’s	 honestly	 significant	
difference	 tests).	C:N	 ratios	 increased	 from	~6.5	w/w	at	 the	 start	
to	~8.5	w/w	at	the	end	of	the	experiment	for	each	of	the	four	treat‐
ment–species	 combinations,	 due	 to	 an	 increase	 in	 carbon	 content	
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responses;	 and	 for	 21	 species,	 photosynthetic	 responses	were	 not	
reported	(Table	2).	Only	three	non‐CCM	species	(including	our	work)	
have	 been	 studied	 in	 relation	 to	 CO2	 enrichment,	with	 contrasting	



















sponses	 also	 vary	 between	 species	with	 the	 same	 carbon	 uptake	
strategy,	we	suggest	that	 it	 is	not	currently	possible	to	predict	the	
responses	of	macroalgae	to	a	higher	CO2	ocean	based	solely	on	the	
presence/absence	 or	 type	 of	 CCM:	 A	 greater	 mechanistic	 under‐
standing	is	needed	before	such	predictions	can	be	made.
4.1 | The response of CCM species





















F‐value p‐value F‐value p‐value F‐value p‐value
Linear	extension 6.474 0.021 – – – –
Wet	weight	RGR 3.125 0.095 15.743 0.001 2.133 0.162
Chlorophyll	a	content	(mg	per	g	wet	
weight)
0.509 0.485 20.563 <0.001 0.169 0.686
Phycobiliprotein	content	(mg	per	g	
wet	weight)




1.813 0.196 1.385 0.256 0.075 0.788
Change	in	δ13C 1.229 0.283 8.528 0.010 7.975 0.012
Change	in	C:N	ratio 0.274 0.608 1.350 0.261 0.083 0.777
Change	in	carbon	tissue	content 0.012 0.914 1.051 0.320 0.110 0.744
Change	in	nitrogen	tissue	content 0.031 0.861 5.813 0.028 0.140 0.713
Total	lipid	content 0.134 0.719 2.458 0.135 0.121 0.733
Total	fatty	acid	content 0.220 0.645 35.466 <0.001 3.363 0.084
Change	in	[H+] 0.659 0.427 0.549 0.468 133.993 <0.001
Change	in	[HCO3
−]	(µmol/kg) 0.418 0.526 0.580 0.456 0.013 0.910
Change	in	[CO2]	(µmol/kg) 0.501 0.488 0.395 0.537 134.789 <0.001
Change	in	[CO3]	(µmol/kg) 0.025 0.877 1.671 0.212 0.171 0.684
Change	in	total	DIC	(µmol/kg) 0.754 0.396 0.119 0.734 2.572 0.125
Note. p‐values	and	F‐values	of	separate	factors	are	not	shown	when	the	interaction	between	factors	is	significant	(α	=	0.05).
p‐values	in	bold	have	a	significance	of	p	<	0.05.
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TA B L E  2  Response	to	CO2	enrichment	reported	in	the	literature	for	fleshy	macroalgal	species,	regarding	growth,	photosynthesis,	and	
δ13C	values	(“I”	=	increase,	“D”	=	decrease,	“NR”	=	no	response,	“–”	=	unreported)
Phylum and species
Enriched pCO2 level 
(μatm)
Response to CO2 enrichment
Putative carbon 
uptake strategy ReferenceGrowth Photosynthesis δ13C
Rhodophyta	(Red	algae)
Amansia rhodantha ~1,000 NR – – Non‐CCM [1]
Chondrus crispus ~800 NR	&	I NR,	D	&	I – CCM [2]
Craspedocarpus ramentaceus ~1,000 NR NR NR Non‐CCM current	study
Gelidium crinale ~750 NR – – CCM [3]
Gracilaria chilensis 650	&	1,250 I I – CCM [4]
G. conferta ~750 NR – – CCM [3]
G. secundata – I – – CCM [5]
G. tenuistipitata – D D – CCM [6]
G. tikvahiae (pH	=	6.0) NR I – CCM [7]
Gracilariopsis lemaneiformis* ~700,	~1,000	&	~1,400 NR	&	I NR	&	I – CCM [8–12]
Grateloupia cornea 900	&	1,900 D D – CCM [13]
Hypnea cornuta ~750 NR – – CCM [3]
H. musciformis ~750 D – – CCM [3]
H. spinella 700	&	1,600 I I – CCM [14]
Laurencia intricata ~1,000 NR I D CCM [15]
Lomentaria articulata 700–1,800	(range) I – D Non‐CCM [16]
L. australis ~1,000 I NR D CCM current	study
Melanothamnus harveyi ~800	&	~1,500 NR	&	I NR	&	I – CCM [17]
Palmaria palmata ~1,000 NR	&	D D – CCM [18,19]
Phycodrys rubens ~1,000 NR – – Possibly	non‐CCM [20]
Plocamium cartilagineum 900 D	&	I – – CCM [21]
Porphyra linearis ~750 D NR – CCM [22]
Ptilota gunneri ~1,000 NR – – Possibly	non‐CCM [20]
Pterocladiella capillacea ~750 NR – – CCM [3]
Pyropia haitanensis 1,000 I D	&	I – CCM [23,24]
P. leucosticta – D I – CCM [25]
P. yezoensis 1,000	&	1600 I I – CCM [26]
Chlorophyta	(Green	algae)
Chaetomorpha linum (pH	=	6.73) I – – CCM [27]
Cladophora coelothrix (pH	=	6.73) I – – CCM [27]
C. patentiramea (pH	=	6.73) NR – – CCM [27]
C. vagabunda (pH	=	6.0) I I – Possibly	non‐CCM [7]
Codium fragile 900	&	1,900 NR NR – CCM [13]
Monostroma grevillei var. 
arctica
~1,000 NR – – CCM [20]
Ulva australis* ~900	&	~1,000	&	~1,900 NR	&	I NR	&	I – CCM [13,28–30]
U. lactuca ~700 NR NR – CCM [10,31]
U. linza ~750	&	~1,000 NR D – CCM [3,32]
U. prolifera ~1,000 I NR – CCM [33–35]
U. pulchra – I – – CCM [36]
(Continues)
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For	example,	the	kelp	Saccharina latissima	showed	either	no	response	









that	 are	 not	 saturated	 for	 inorganic	 carbon	 could	 be	 substantial	 in	
terms	of	increased	growth	and	productivity.
The	 reason	 for	 the	 decreased	 growth	 rate	 recorded	 for	 five	
CCM	 species	 with	 CO2	 enrichment	 is	 unknown,	 but	 may	 be	 due	
to	 a	 sensitivity	 to	 increasing	H+	 concentrations.	 This	 sensitivity	 is	
known	 to	 exist	 in	 calcifying	 organisms	 (e.g.,	 coccolithophores	 and	
Phylum and species
Enriched pCO2 level 
(μatm)
Response to CO2 enrichment
Putative carbon 
uptake strategy ReferenceGrowth Photosynthesis δ13C
U. reticulata – NR – – CCM [36]
U. rigida* ~1,200 NR	&	I NR	&	D NR CCM [36–39]
Ochrophyta	(Brown	algae)
Alaria esculenta* ~1,000	&	~1,300 NR,	D	&	I NR D CCM [20,40,41]
Chnoospora implexa ~1,000 NR I D CCM [15]
Desmarestia aculeata ~1,000	&	~1,300 D	&	I NR	&	I D	&	NR CCM [20,40,42]
Dictyopteris undulata 900 I – – CCM [21]
Dictyota bartayresiana ~1,000 NR – – CCM [1]
Fucus vesiculosus ~1,200 NR	&	D – – CCM [43–45]
F. vesiculosus f	mytili 1,000 I – – CCM [46]
Laminaria solidungula ~1,200 NR NR NR CCM [47]
Lobophora variegata ~1,000 NR – – CCM [1]
Macrocystis pyrifera ~1,200 NR NR NR CCM [48]
Nereocystis luetkeana ~3,000 I I – CCM [49,50]
Padina pavonica ~750 NR – – CCM [3]
Saccharina japonica ~1800 NR I – CCM [51]
S. latissima* ~1,000	&	~1,200	&	
~3,000
NR,	D	&	I NR	&	I NR	&	D CCM [18,41,47,49,52]
Saccorhiza dermatodea ~1,000 I – – CCM [20]
Sargassum fusiforme* ~700	&	~1,000 D	&	I NR	&	I – CCM [53–55]
S. horneri 900	&	1,900 NR	&	I NR – CCM [13,21]
S. muticum 1,000 I I – CCM [56]
S. thunbergii 900	&	1,900 I I – CCM [13]
S. vulgare ~750 NR – – CCM [3]
















TA B L E  2   (Continued)
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zooplankton),	as	elevated	H+	directly	decreases	calcification,	and	in	











The	 increase	 in	 growth	 rate	 of	 Lomentaria australis	 with	 ele‐
vated	CO2	most	likely	occurred	as	a	result	of	the	downregulation	of	









ple,	 an	 increased	 growth	 rate	was	 combined	with	 decreased	 δ13C	
in	 Lomentaria australis (current	 study),	 whereas	 growth	 rates	 and	





4.2 | The response of non‐CCM species
The	lack	of	response	of	Craspedocarpus ramentaceus	to	CO2	enrich‐
ment	 suggests	 that	 growth	 and	 photosynthesis	were	 saturated	 at	
current	 CO2 levels,	 as	 there	 was	 no	 evidence	 of	 nitrogen	 or	 light	





for	 saturating	 photosynthesis	 (Supporting	 information	 Figure	 S1,	
Table	 S2).	Only	 three	 non‐CCM	 species	 (including	 our	work)	 have	
been	studied	in	relation	to	CO2	enrichment,	with	contrasting	results	
(Table	2).	This	indicates	that,	as	with	CCM	species,	non‐CCM	species	
could	 have	different	 affinities	 for	CO2.	 For	 non‐CCM	species,	 the	
affinity	 for	DIC	will	mainly	 depend	on	Rubisco	 activity	 and	 kinet‐
ics	 (as	this	 is	 the	enzyme	 involved	 in	carbon	fixation).	The	amount	
of	 Rubisco,	 the	Vmax	 (maximal	 Rubisco	 activity)	 and	Km	 (affinity	 of	
















































ing	 some	 red	 algae,	 generally	 exhibit	 low	 storage	 lipid	 concentra‐
tions	and	predominantly	change	the	composition	and	concentration	
of	 structural	polar	 lipids	and	 therefore	no	changes	were	observed	
(Schmid,	Guihéneuf,	&	Stengel,	2017).
4.4 | DIC limitation as a predictor of macroalgal 
responses to future high CO2 oceans
The	results	from	this	study	and	prior	studies	(Table	2)	highlight	that—
even	 though	 carbon	 use	 strategy	 will	 play	 a	 role—the	 responses	
of	macroalgae	 to	CO2	 enrichment	 cannot	 be	 inferred	 solely	 from	
the	carbon	uptake	strategy	as	has	been	implicated	in	field	studies	
(Cornwall	et	al.,	2017,	2015	;	Diaz‐Pulido	et	al.,	2016;	Hepburn	et	
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